Abbreviations used in this paper: CCh, carbachol; DCEBIO, 5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one; SMEM, Eagle\'s minimum essential medium.

INTRODUCTION
============

Ca^2+^-activated K channels represent a subset of the super family of K^+^-selective ion channel proteins. First described in red blood cells ([@bib12]) where they are important for cell volume regulation, Ca^2+^-activated K channels are now known to have a wide spectrum of additional physiological roles, including the control of vascular tone and the regulation of neuronal firing rates. These channels display a large spectrum of functional properties, including their single channel conductance, Ca^2+^ sensitivity, and pharmacological profile ([@bib24]; [@bib35]; [@bib37]). Part of this functional variety arises from genetic diversity: there are three structural subfamilies of Ca^2+^-activated K channels and these are characterized by small, intermediate, and large single channel conductances. The prototypical member of the large conductance family (K~Ca~1.1) is activated by voltage as well as by Ca^2+^ ions. This maxi-K channel is subject to considerable alternative splicing and can be associated with several β subunits, all of which adds to its functional diversity. The three small-conductance (SK) channels (K~Ca~2.1, K~Ca~2.2, and K~Ca~2.3) share considerable amino acid identity and biophysical properties. The intermediate conductance channel (K~Ca~3.1 or IK1) is only distantly related to the SK channels with ∼50% amino acid homology ([@bib20]; [@bib25]), and has a different pharmacological profile. None of the small and intermediate conductance channels are voltage sensitive. Except for the channel pore region, there is no significant homology of the maxi-K channel with the smaller conductance SK and IK channels ([@bib15]).

In addition to the roles noted above, Ca^2+^-activated K channels are considered to be critical for sustained fluid secretion in secretory epithelia ([@bib32]; [@bib29]). Parotid acinar cells express both IK1 and maxi-K channels, raising questions about their specific roles ([@bib30]; [@bib38]). To address these questions, a strain of mice was developed in which the expression of the IK1 channel was ablated ([@bib3]). In the course of these investigations ([@bib3]), we observed an entirely unexpected and novel behavior: activation of IK1 channels appeared to cause a concurrent loss of maxi-K channel activity. We report here the results of a study to investigate the properties of this functional interaction between these two Ca^2+^-activated K channels.

We found that the activation of IK1, either directly by perfusing the cell with elevated Ca^2+^ or via a muscarinic-agonist, caused a concomitant decrease in maxi-K channel activity. This was true even when the cell integrity and large cytoplasmic components were left intact with the perforated patch technique. The mechanism underlying this inhibition does not require elevated intracellular Ca^2+^ levels since activation of IK1 by the organic agonist DCEBIO (5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one) inhibited maxi-K channels even at a fixed, low Ca^2+^ concentration. Furthermore, the mechanism appears to be a spatially localized one as the IK1-induced inhibition of maxi-K channels occurred in excised inside/out patches devoid of freely diffusible cytoplasmic components. We found that the maxi-K inhibition was due to a reduction in the channel open probability and not to a change in the single channel current. Finally, the interaction between the IK1 and maxi-K channels appears to be a property of the channels themselves and not due to some special property of parotid acinar cells, as we were able to recapitulate the inhibition in a heterologous expression system. A quantitative analysis of the interaction between these two types of channels indicates that each maxi-K channel may be surrounded by four IK1 channels and will be inhibited if any one of these IK1 channels opens.

These novel findings reveal a close interaction between the IK1 and maxi-K channel proteins. The activation of IK1 channels either directly or through a membrane-delimited intermediary inhibits maxi-K channels. This regulated inhibition of maxi-K channels by activation of IK1 adds to the complexity of the properties of these Ca^2+^-activated K channels and likely contributes to their functional diversity.

MATERIALS AND METHODS
=====================

Acinar Cell Preparation
-----------------------

Single parotid acinar cells were isolated from wild-type (Black Swiss 129) and K~Ca~3.1-null mice, IK1(−/−). The details for the construction of the IK1(−/−) mice have been previously described ([@bib3]). Since the background for the K~Ca~3.1-null mice was C57, we tested our findings in this strain as well and found no differences from the results with the Black Swiss animals.

Mice were anesthetized with CO~2~ gas and killed by exsanguination via cardiac puncture. Parotid glands were minced in a solution consisting of Ca^2+^-free Eagle\'s minimum essential medium (SMEM) (Biofluids), 1% BSA, and 2 mM [l]{.smallcaps}-glutamine. The tissue was digested in this solution with 0.01% trypsin and 0.5 mM EDTA at 37°C for 8 min and then rinsed with SMEM + 1% BSA plus 0.2% trypsin inhibitor (TypeI-S, Sigma-Aldrich). Finally, the tissue was incubated in SMEM with 16 μg/ml Liberase RI enzyme (Roche Applied Sciences) plus 1% BSA and 2 mM [l]{.smallcaps}-glutamine at 37°C. All solutions were gassed continuously with 95% O~2~ + 5% CO~2~ throughout the procedure. After 40 min of digestion with Liberase, the cells were dispersed by pipette trituration and then resuspended in fresh digestion media and incubated for a further 20 min at 37°C. The cells were gently triturated and then washed with basal medium Eagle\'s (BME) containing 1% BSA before final resuspension in BSA-free BME containing 2 mM [l]{.smallcaps}-glutamine with 100 U penicillin G and 100 μg/ml streptomycin sulfate. The cells were attached to 5 mm diameter glass coverslips and maintained in the final resuspension media in a 5% CO~2~ incubator at 37°C until used (usually within 3 h after isolation). The procedures for animal handling, maintenance, and surgery were approved by the University of Rochester Committee on Animal Resources.

Electrophysiology
-----------------

Whole-cell patch clamp recordings were done at room temperature (20--22°C) with an Axopatch 200B amplifier (Axon Instruments). Data acquisition was performed using a 12 bit analogue/digital converter controlled by a personal computer. Patch pipettes were constructed from either GC-150 glass (Warner Instruments Inc.) or quartz (Garner Glass Co.) and coated with sticky wax. For whole cell recordings the pipette resistance was ∼4--6 MΩ and the current records filtered at 5 kHz. For excised patches, the electrode tips were ∼1--2 μm diameter, and the current records were filtered at 2 kHz.

The external solution for whole-cell patch recordings consisted of (in mM) 135 Na-glutamate, 5 K-glutamate, 2 CaCl~2~, 2 MgCl~2~, 10 HEPES (pH 7.2). Single channel experiments used an external solution that consisted of (in mM) 135-K glutamate, 2 CaCl~2~, 2 MgCl~2~, and 10 HEPES (pH 7.2). We used internal solutions that consisted of 135 mM K-glutamate, 10 mM HEPES (pH 7.2), 5 mM EGTA, and with CaCl~2~ added to establish various Ca^2+^ concentrations ([@bib5]) (see also [http://www.stanford.edu/∼cpatton/maxc.html](http://www.stanford.edu/~cpatton/maxc.html)). In some single channel experiments 1 mM MgATP was included in the internal solution to minimize IK1 run down. In these experiments we examined the action of the IK1 channel activator DCEBIO on the maxi-K channel open probability, and this action was independent of the presence or absence of ATP.

Perforated patch experiments were performed by first front-filling the electrodes with (in mM) 135 K-glutamate, 2 CaCl~2~, 2 MgCl~2~, 10 HEPES (pH 7.2) and then back filling with the same solution containing 125 μg/ml nystatin (Sigma-Aldrich) and 0.1% of the fluorescent dye Lucifer yellow (Sigma-Aldrich). The Lucifer yellow was used as an indicator of the integrity of the cell membrane under the patch ([@bib39]). Cell fluorescence was monitored with epifluorescent microscopy with an EGFP filter cube. Only data from those cells in which the yellow dye was excluded from the cell interior were used. In addition, the high calcium in the pipette solution gave us an instant indication of a breach in the cell membrane integrity.

Heterologous Expression
-----------------------

The mouse parotid K~Ca~1.1 variant (Parslo) and the K~Ca~3.1 coding sequences were cloned from the mouse parotid gland and subcloned into mammalian expression vectors as described previously ([@bib30]). Parslo is almost identical to the human K~Ca~1.1 gene ([@bib30]). The K~Ca~3.1 was subcloned into the bicistronic pIRES2EGFP vector (CLONTECH Laboratories Inc.). The DNA was cotransfected (0.5 μg K~Ca~3.1 and 1.5 μg Parslo) into CHO-K1 cells using a Nucleofector machine (Amaxa Biosystems) according to the manufacturer\'s instructions. Cells were used between 24 and 48 h after transfection. Transfected cells were identified using the EGFP fluorescence from the bicistronic pIRES2EGFP vector. The CHO-K1 cells were obtained from ATCC and grown in Ham\'s F12K media with 10% FBS and maintained in a CO~2~ incubator with 5% CO~2~.

Electrophysiological Analysis
-----------------------------

For some of the analysis, K channel conductance was computed from the measured whole cell currents according to:$$\documentclass[10pt]{article}
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\begin{equation*}G_{K}=\frac{I_{K}}{V_{m}-V_{K}},\end{equation*}\end{document}$$where *G~K~* is the conductance and *I~K~* is the K channel current. *V~m~* and *V~K~* are the membrane potential at which the current was measured and the measured K channel reversal potential (−75 to −80 mV, quite close to the expected K^+^ Nernst potential of −82 mV). The computed conductance was normalized to measured cell capacitance in order to allow better comparison among cells of different sizes.

In some experiments we measured the activity of IK1 and maxi-K channels at the single channel level with inside/out patches. The mean current, \<*I*\>, from such a patch depends on the number of channels in the patch (*N*), the probability that the channel is open (*P~o~*), and on the single channel conductance (*i*): \<*I*\> = *i* × *N* × *P~o~*. We determined the *NP~o~* product by averaging large numbers of single channel records and dividing this average by the measured single channel current level.

RESULTS
=======

Maxi-K and IK1 Currents in Parotid Acinar Cells
-----------------------------------------------

As noted in INTRODUCTION, parotid acinar cells express two types of Ca^2+^-activated K channels: maxi-K and IK1 channels encoded by the *K~Ca~1.1* and *K~Ca~3.1* genes, respectively ([@bib30]; [@bib3]). Maxi-K channels, both in native tissue and heterologously expressed, are strongly voltage gated and exhibit a marked time dependence ([@bib24]; [@bib30]), whereas IK1 channels exhibit little or no time or voltage dependence in spite of the potential for activation by voltage-driven Ca influx ([@bib20]; [@bib25]; [@bib21]; [@bib30]; [@bib38]; [@bib3]). Since both channels are activated by Ca^2+^, one would expect to see an increase in the activity of both channels shortly after achieving the whole-cell patch clamp configuration with a pipette solution containing free Ca^2+^ above the low (\<100 nM; [@bib10]; [@bib11]; [@bib40]) level in the resting cell. That is, as the Ca^2+^ in the pipette dialyses into the cell, the current through both channels should increase. Such an experiment with a parotid acinar cell from a wild-type strain of mice is illustrated in [Fig. 1 A](#fig1){ref-type="fig"}.

![Maxi-K and IK1 currents in parotid acinar cells. (A) Parotid cell currents from a wild-type animal. (Inset) Raw currents just after (Early) and several minutes after (Later) achieving whole-cell mode. Currents in response to 40-ms test potentials to −110, −30, +10, and +50 mV from a −70 mV holding voltage. Calib: 1 nA and 10 ms. (Main) Currents measured at the end of the 40-ms test pulse to the indicated potentials just after (◯) and several minutes after (•) achieving whole-cell mode with 250 nM free Ca^2+^ in the pipette. Dashed lines represent linear extensions of the currents at the most negative potentials. (B) Parotid cell currents from an IK1-null animal recorded with methods identical to those used in the experiment of A. Calib: 0.5 nA/10 ms. "Later" records recorded with analogue capacitance compensation. (C) Block of maxi-K current component by paxilline. (Inset) Raw currents as above recorded in the absence (Control) and presence (Paxilline) of 100 nM paxilline. Calib: 1 nA and 10 ms. (Main) currents recorded at the end of the 40 ms pulses in the absence (•) and the presence (◯) of 100 nM paxilline. (D) Block of IK1 current component by clotrimazole. (Inset) Raw currents as above recorded in the presence of paxilline before and during application of 300 nM clotrimazole. Calib: 1 nA and 10 ms. (Main) Currents recorded at the end of the 40-ms pulses in the presence of paxilline before (•) and during (◯) application of 300 nM clotrimazole.](jgp1270159f01){#fig1}

Shown in the top inset in [Fig. 1 A](#fig1){ref-type="fig"} are the K channel currents at several potentials obtained immediately after achieving the whole cell configuration with a pipette solution containing 250 nM of free Ca^2+^. Almost all the current had the pronounced time and voltage dependence characteristic of maxi-K channels with little or no indication of activity of the time- and voltage-independent IK1 channels. The voltage sensitivity of maxi-K channels allows activity even in low Ca^2+^ ([@bib8]). When examined a short time (2--3 min) later, after sufficient time to allow the pipette Ca^2+^ to equilibrate with the cell cytoplasm, large, time- and voltage-independent IK1 currents were apparent ([Fig. 1 A](#fig1){ref-type="fig"}, bottom inset). However, quite surprisingly, while IK1 currents increased, the time- and voltage-dependent maxi-K currents decreased substantially. The time-dependent maxi-K component in response to the depolarization to +50 mV is indicated in the insets.

The large reduction in maxi-K current and the large increase in IK1 current that occurred when the pipette Ca^2+^ entered the cell are also apparent in the current--voltage relations in the main part of [Fig. 1 A](#fig1){ref-type="fig"}. We measured the current at the end of the 40 ms test pulse to the indicated potentials just after (◯) and 2--3 min after (•) achieving the whole cell condition. Initially, almost all the current was due to the voltage-sensitive maxi-K channels revealed by the strongly nonlinear current--voltage relation. After the pipette Ca^2+^ filled the cell, this current--voltage relation was dominated by the large, linear IK1 component with a very much reduced nonlinear, maxi-K component.

The large reduction in maxi-K channel activity seen after achieving whole-cell mode was due to the presence of IK1 channels since it did not occur in parotid acinar cells from mice without the IK1 gene. As illustrated in [Fig. 1 B](#fig1){ref-type="fig"}, maxi-K channels in cells from IK1-null mice actually increased a short time after the whole cell configuration was achieved, in contrast to the reduction seen in wild-type animals. This increase can be seen to be due to a shift of the current--voltage relation to lower voltages, a classic maxi-K channel property ([@bib8]). In this example with 250 nM Ca^2+^ the maxi-K current at +50 mV increased by 48%; in a total of seven such experiments with cells from IK1-null mice, the mean increase was 28 ± 13% (SEM). In nine experiments with cells from wild-type animals expressing IK1 channels, the maxi-K current at +50 mV decreased by 78 ± 5%.

One possible interpretation of results like those in [Fig. 1 A](#fig1){ref-type="fig"} is that maxi-K channel activity did indeed increase but the channels lost their voltage and time dependence. Even if this possibility is remote, it is easy to show that only the time- and voltage-dependent currents are through maxi-K channels by treating the cell with the specific, maxi-K channel inhibitor paxilline ([@bib23]). The results illustrated in [Fig. 1 C](#fig1){ref-type="fig"} show that 100 nM paxilline blocked only the time- and voltage-dependent currents, clearly identifying these as the maxi-K components. In the presence of paxilline, essentially only the IK1 channel currents remained: the currents showed little or no time dependence ([Fig. 1 C](#fig1){ref-type="fig"}, inset), and the current--voltage relation was entirely linear. In addition, experiments like that illustrated in [Fig. 1 D](#fig1){ref-type="fig"} demonstrated that the linear, time-independent current left in the presence of paxilline was essentially entirely due to IK1 channels. Shown are the currents before and after treatment with 300 nM of the IK1 blocker clotrimazole ([@bib1]; [@bib20]; [@bib22]; [@bib25]). This concentration blocked ∼90% of the currents remaining in the presence of paxilline, an amount consistent with the known sensitivity of IK1 channels to this compound ([@bib41]; [@bib30]). Similar results were obtained with TRAM-34, a clotrimazole analogue that, unlike the parent compound, does not block P450 enzymes ([@bib41]); in two experiments, 30 nM TRAM-34 blocked \>80% of the time-independent current that remained after treatment with paxilline.

It has been reported that clotrimazole blocks maxi-K channels in smooth muscle cells ([@bib33]). To address this question of specificity, we tested 300 nM clotrimazole on parotid maxi-K channels in IK1(−/−) animals. This concentration blocked only 4.1 ± 2.1% (*N* = 7) of the maxi-K current measured at +50 mV, confirming the IK1 specificity of this compound in our cells.

If, as suggested above, an increase in IK1 activity leads to a reduced maxi-K activity, then there should be an inverse relation between these two. Thus we measured IK1 activity by the conductance at −110 mV (normalized by cell capacitance) and the maxi-K channel activity as the time-dependent conductance at +50 mV in many cells patched with various Ca^2+^ concentrations. The pooled results of these experiments are illustrated in [Fig. 2](#fig2){ref-type="fig"}. It seems clear from these data that cells patched with higher intracellular Ca^2+^ generally resulted in larger IK1 conductance levels and, as predicted, smaller maxi-K levels.

![Reciprocal activity of maxi-K and IK1 channels. Maxi-K conductance (at +50 mV) as a function of IK1 conductance (at −110 mV) obtained from cells patched with 80 (▴), 160 (•), 250 (▾), and 400 nM Ca^2+^ (▪) and 250 Ca^2+^ with 2--10 μM DCEBIO (◯). Each data point represents a separate cell. Line: Eq. 1 with *G~0~*, *a*, and *n* values of 1.4 nS/pF, 0.18, and 4, respectively.](jgp1270159f02){#fig2}

Muscarinic Stimulation of Maxi-K and IK1 Activity
-------------------------------------------------

The physiologically relevant Ca^2+^ increase in parotid acinar cells is produced by activation of muscarinic receptors. It is possible that the apparently paradoxical result of lower maxi-K channel activity in cells patched with higher Ca^2+^ levels ([Fig. 2](#fig2){ref-type="fig"}) was somehow a result of the introduction of the tightly buffered intracellular Ca^2+^ solution or due to the washing out of some critical cytoplasmic component. To address these possibilities, we used the perforated patch method, which does not disrupt the integrity of the cell membrane and, in these experiments, increased cytoplasmic Ca^2+^ with the muscarinic agonist carbachol (CCh). The ionophore in the pipette in this method (see MATERIALS AND METHODS) allows exchange only of small monovalent, cytoplasmic ions, leaving all other cytoplasmic elements entirely intact ([@bib26]). The application of CCh to intact parotid acinar cells often induces an oscillatory increase in intracellular Ca^2+^ levels ([@bib13]; [@bib7]; [@bib18]). These oscillatory increases in free Ca^2+^ should, simultaneously and synchronously, increase the activity of both IK1 and maxi-K channels.

To examine the muscarinic-induced IK1 and maxi-K channel activity, we measured IK1 current during a voltage pulse to −100 mV (at which no maxi-K channels activate) and estimated maxi-K activity as the time-dependent current during a 40-ms pulse to +30 mV. These currents were obtained every 0.5 s and converted to conductance (see MATERIALS AND METHODS). As shown in [Fig. 3 A](#fig3){ref-type="fig"}, there is little or no IK1 conductance in the absence of CCh, but, owing to the voltage dependence of maxi-K channels, there is a substantial constant maxi-K conductance at +30 mV even in the absence of CCh. Application of CCh (20 μM) caused oscillatory activity in both maxi-K and IK1 channel activity, as expected from an oscillatory increase in cytoplasmic Ca^2+^ levels. However, it is apparent from an expanded temporal view ([Fig. 3 B](#fig3){ref-type="fig"}) that there was a reciprocal relationship between the IK1 (▪) and Maxi-K (◯) conductances.

![Carbachol-induced maxi-K and IK1 channel activity in perforated patch experiments. (A) IK1 (top) and maxi-K (bottom) channel conductances at −100 and +30 mV, respectively, before, during, and after application of 20 μM CCh as indicated. (B) A 20-s expanded temporal view of the IK1 (▪) and maxi-K (◯) conductances from the data in A. Data points connected by spline functions.](jgp1270159f03){#fig3}

Starting at the 60-s time point of the expanded view in [Fig. 3 B](#fig3){ref-type="fig"}, it can be seen that the maxi-K conductance at first increased, presumably as the cytoplasmic Ca^2+^ level began to increase above its resting level. Shortly after the maxi-K conductance began to increase, the IK1 conductance increased and the more the IK1 conductance increased, the more the maxi-K conductance decreased. When IK1 activity decreased, maxi-K conductance increased again. The net result was oscillatory, out of phase, activity of both conductances. Similar, robust, reciprocal oscillations of IK1 and maxi-K channel activity were observed in a total of six such experiments (including one with 5 μM CCh). In these experiments we measured a mean conductance oscillation frequency of 0.31 ± 0.039 Hz, quite similar to intracellular Ca^2+^ oscillation frequencies in these ([@bib13]) and similar salivary gland cells ([@bib18]). Similar CCh applications elicited weak or no oscillations in three other cells, likely due to the known variability of the muscarinic-induced Ca^2+^ signal in these enzyme-dispersed native cells ([@bib13]).

Chemical Activation of IK1
--------------------------

If, as suggested by the tight, reciprocal link between the conductances of the two channels, maxi-K channels are inhibited by increased activation of IK1 channels, then maxi-K activity should decrease regardless of the method by which IK1 channels are activated. Thus, we performed experiments in which IK1 channels were activated with the benzimidazolone DCEBIO ([@bib36]), an example of which is illustrated in [Fig. 4](#fig4){ref-type="fig"}. In this experiment wild-type mouse parotid acinar cells were patched with a tightly buffered 80 nM Ca^2+^ solution. At this low intracellular Ca^2+^, only maxi-K channels were activated and so only time-dependent currents are apparent in the records shown in the inset of [Fig. 4 A](#fig4){ref-type="fig"} (Control). Under this condition, the current--voltage relation is strongly rectifying ([Fig. 4 A](#fig4){ref-type="fig"}, •). Addition of 10 μM DCEBIO produced a robust activation of IK1 channel current and, concomitantly, reduced maxi-K channel activity, as can be seen by the mostly time-independent current records ([Fig. 4 A](#fig4){ref-type="fig"}, inset) and in the almost entirely linear current--voltage relation (◯).

![Inhibition of maxi-K channel activity by DCEBIO activation of IK1. (A) Parotid acinar cell raw currents recorded in the absence (Control) and presence (DCEBIO) of 10 μM DCEBIO and currents recorded at the end of 40-ms pulses to the indicated potentials in the absence (•) and presence (◯) of 10 μM DCEBIO. (B) Maxi-K (◯) and IK1 (▪) conductances at +40 and −90 mV, respectively, during application of 10 μM DCEBIO. (C) Maxi-K conductance from data in B as a function of IK1 conductance. Line: [Eq. 1](#fd1){ref-type="disp-formula"} with *G~0~*, *a*, and *n* values of 0.8 nS/pF, 0.16, and 4, respectively. (D) Currents from a CHO cell transfected with K~Ca~3.1 and Parslo DNA recorded at the end of 40-ms pulses to the indicated potentials in the absence (•) and presence (◯) of 10 μM DCEBIO. (E) ParSlo (maxi-K) (◯) and K~Ca~3.1 (IK1) (▪) conductances at +50 and −100 mV, respectively, during application of 10 μM DCEBIO. (F) ParSlo (maxi-K) conductance from data in E as a function of K~Ca~3.1 (IK1) conductance. Line: [Eq. 1](#fd1){ref-type="disp-formula"} with *G~0~*, *a*, and *n* values of 0.24 nS/pF, 0.5, and 4, respectively.](jgp1270159f04){#fig4}

We determined the maxi-K and IK1 conductances during the DCEBIO application and these are shown in [Fig. 4 B](#fig4){ref-type="fig"}. The tight link between increased IK1 activity and decreased maxi-K activity is again apparent, in this case with no increase in intracellular Ca^2+^ levels. The tight, reciprocal link is further illustrated in [Fig. 4 C](#fig4){ref-type="fig"}, showing that the decline in maxi-K conductance depended only on the level of IK1 activity and did not require a change in intracellular Ca^2+^. In a total of eight similar experiments, the maxi-K conductance was reduced to 7.9 ± 1.5% of its value before DCEBIO application. DCEBIO had a negligible effect on maxi-K activity in the absence of IK1 channels: 10 μM of this compound reduced maxi-K current (at +50 mV) in cells from IK1(−/−) animals by an average of 6.9 ± 1.3% (*N* = 6).

IK1/Maxi-K Interaction in a Heterologous Expression System
----------------------------------------------------------

The maxi-K channels in parotid acinar cells are composed of approximately equal amounts of two types: homotetramers of the mouse parotid K~Ca~1.1 splice variant (ParSlo, see MATERIALS AND METHODS) and heteromers of this α subunit with a β subunit, most likely β4 ([@bib30]). The presence of β subunits affects the pharmacology, Ca^2+^ sensitivity, and regulation of maxi-K channels ([@bib9]; [@bib17]; [@bib4]; [@bib6]; [@bib28]; [@bib34]), which raises the issue of their role in the observed interaction with IK1 channels. To address this question, we tested the interaction between these two channels in a heterologous expression system in which we could control the maxi-K channel composition.

We coexpressed ParSlo (maxi-K) and K~Ca~3.1 (IK1) channels in CHO cells and patched these with a fixed, 80 nM Ca^2+^ pipette solution and activated IK1 channels with DCEBIO, exactly as was done in the native parotid cell experiments illustrated in [Fig. 4](#fig4){ref-type="fig"}(A--C). As with the native cells, in the absence of DCEBIO, only maxi-K channels were activated, as indicated by the nonlinear current--voltage relation of [Fig. 4 D](#fig4){ref-type="fig"} (•). Activation of IK1 channels with DCEBIO inhibited maxi-K channels, resulting in the purely linear current--voltage relation ([Fig. 4 D](#fig4){ref-type="fig"}, ◯). As in the experiments with the channels in native cells, there was a tight link between the decline in maxi-K conductance and the increased IK1 conductance ([Fig. 4, E and F](#fig4){ref-type="fig"}). In this example, the DCEBIO-induced activation of IK channels reduced the maxi-K conductance to 24% of its value before DCEBIO application. In a total of three such experiments, DCEBIO activated an average IK1 conductance between 0.95 and 3.1 nS/pF and the maxi-K conductance was reduced to 22 ± 11% of its control value. Thus, in this heterologous expression system, as in the native cells, IK1 activation produced a concomitant reduction in maxi-K channel activity. These results also illustrate that maxi-K β subunits are not required for the IK1-induced reduction in maxi-K activity.

IK1/Maxi-K Interaction at the Single Channel Level
--------------------------------------------------

As an additional step toward understanding the mechanism by which increased IK1 activity inhibited maxi-K channels, we examined this process at the single channel level in parotid acinar cells. An example of such experiments is illustrated in [Fig. 5](#fig5){ref-type="fig"}. In this experiment we measured single maxi-K and IK1 channel activity from an inside-out patch with the cytoplasmic side of the membrane exposed to a solution buffered to 80 nM free Ca^2+^. Both the cytoplasmic and external solutions contained 135 mM K, which allowed us to measure outward maxi-K channel activity at +50 mV ([Fig. 5 A](#fig5){ref-type="fig"}) and inward IK1 channel activity at −110 mV ([Fig. 5 B](#fig5){ref-type="fig"}). With this low cytoplasmic Ca^2+^ concentration, maxi-K channel activity could be observed at +50 mV ([Fig. 5 A](#fig5){ref-type="fig"}, inset) but no IK1 channel openings were observed ([Fig. 5 B](#fig5){ref-type="fig"}, inset; note scale differences). The inset of [Fig. 5 A](#fig5){ref-type="fig"} shows several single maxi-K channel records, including several instances when two channels were open at the same time. The main part of the left panel shows a histogram of the maxi-K current levels and reveals that there were at least three channels active in this patch, as indicated by the three peaks in current level (in addition to the peak of current at 0 pA, representing records with no channel openings). The single maxi-K channel level can be seen to be ∼10 pA, representing a 200 pS conductance at this potential, which is a typical value for these channels ([@bib27]; [@bib24]; [@bib30]). From these data, we computed the *NP~o~* value(see MATERIALS AND METHODS) for the maxi-K channels to be 1.5.

![Inhibition of maxi-K activity by IK1 activation at the single channel level. (A, inset) Single maxi-K channel records at +50 mV in an excised, inside-out patch from a parotid acinar cell exposed to 80 nM Ca^2+^. Dotted lines indicate current levels for zero, one, and two channel openings. Calib: 10 pA/5 ms. (Main) Channel current histogram indicating at least three maxi-K channels in the patch. (B) Raw data (with no channel openings) from the same patch recorded at −110 mV. Calib: 2 pA/5 ms. (C) Single maxi-K channel activity at +50 mV from the same patch exposed to 2 μM DCEBIO. Calib: 10 pA/5 ms. (D) Single IK1 channel activity at −110 mV from the same patch exposed to 2 μM DCEBIO. Calib: 2 pA/5 ms.](jgp1270159f05){#fig5}

Treatment of this patch with DCEBIO induced the activity of several IK1 channels with a single channel current level near −2 pA, representing a conductance near 20 pS, a typical value for these channels ([@bib30]) ([Fig. 5 D](#fig5){ref-type="fig"}). The data in [Fig. 5 C](#fig5){ref-type="fig"} reveal that activating IK1 channels with DCEBIO resulted in substantial loss of maxi-K channel activity with no alteration in the maxi-K single channel current level. The computed maxi-K NP~*o*~ value was reduced 10-fold, to 0.15. In a total of five such experiments, DCEBIO activated IK1 channels and reduced the mean maxi-K NP~*o*~ value to 18 ± 7.4% of the value before IK1 activation. In two additional patches, DCEBIO did not activate IK1 channels and maxi-K activity was unaffected. Thus, the chemical activation of IK1 channels in cell-free membrane patches significantly inhibited maxi-K channel activity.

DISCUSSION
==========

The results of the studies presented above demonstrate that activation of IK1 channels produces a highly correlated reduction in maxi-K channel activity. This occurred whether the IK1 channels were activated by direct application of Ca^2+^, by muscarinic receptor stimulation, or by the exogenous chemical activator DCEBIO. These data and the associated analysis strongly suggest an intimate interaction between the IK1 and maxi-K channel proteins. In particular, the interaction occurred in cell-free patches, a result that eliminates a role for any freely diffusible cytosolic second messenger. The interaction also occurred with heterologously expressed channel proteins, showing that it does not depend on factors specific to parotid acinar cells, including maxi-K β subunits. Thus, these results suggest that the activation of IK1 channels may directly inhibit the activity of maxi-K channels, and the single channel experiments point to an inhibition of the maxi-K single channel open probability.

IK1/Maxi-K Interaction: a Model
-------------------------------

As the data presented above reveal (especially [Fig. 4, C and F](#fig4){ref-type="fig"}), the reciprocal relationship between IK1 and maxi-K channel activity is not a precisely linear one, suggesting something other than a 1:1 stoichiometry between these two channel proteins. Thus, consider that each maxi-K channel is surrounded by *n* IK1 channels. If more than one IK1 channel had to activate before the maxi-K channel was inhibited, there would be a lag during which IK1 conductance would increase without a concomitant decrease in maxi-K conductance. No such lag was observed (see [Fig. 2](#fig2){ref-type="fig"} and [Fig. 4, C and F](#fig4){ref-type="fig"}) so, apparently, only one of the *n* IK1 channels around each maxi-K channel needs to open in order to inhibit the maxi-K channel. In this case, the probability of the maxi-K channel being open will be given by: *P~maxi-K~* = *P~o~* × (probability of no IK1 channels open), where *P~o~* is the maxi-K channel open probability in the absence of IK1 channels. The probability that no IK1 channels are open can be computed from the binomial theorem leading to the following relationship between the maxi-K and IK1 channels open probabilities: *P~maxi-K~* = *P~o~*(1 − *P~IK1~*)*^n^*, where *P~IK1~* is the IK1 single channel open probability.

To accurately measure the open channel probability in a patch with more than a single channel requires accurately determining the number of channels, a classically difficult problem ([@bib19]). However, since the macroscopic conductances of these channels are proportional to their respective open probabilities, the maxi-K and IK1 conductances will be related as:$$\documentclass[10pt]{article}
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\begin{equation*}G_{{\mathrm{max}}i-K}=G_{0}(1-a{\times}G_{IK1})^{n},\end{equation*}\end{document}$$where G~0~ is the maxi-K conductance in the absence of IK1 activation, and the proportionality between conductances and probabilities is contained in the parameter *a*. In our analysis we assume that this proportionality factor is a simple constant. This will be true as long as the single channel currents and the number of expressed channels remain fixed. The former was shown to be true ([Fig. 5](#fig5){ref-type="fig"}) and the latter seems reasonable for this simple analysis.

Note that if there were only a single IK1 channel that could influence each maxi-K channel, [Eq. 1](#fd1){ref-type="disp-formula"} predicts an inverse, linear relationship between the conductances which, as noted above, is not seen in the data. Thus, *n*, the number of IK1 channels able to influence each maxi-K channel, is larger than 1 but, unfortunately, the form of [Eq. 1](#fd1){ref-type="disp-formula"} does not allow an unambiguous determination of the precise number. Nevertheless, in order to see if this model is consistent with the data we fit this equation to the data of [Fig. 2](#fig2){ref-type="fig"} and [Fig. 4](#fig4){ref-type="fig"}(C and F) with an *n* value of 4, a value suggested by the fourfold symmetry of these K channels. As can be seen in these figures (dashed lines), this simple model can readily and accurately account for the relationship between the IK1 and maxi-K channels.

It should be noted that this is perhaps the simplest of an entire class of models that would include various levels of reciprocal activity between these two channels. Future studies may uncover more detail and may require the consideration of more complex interaction schemes. However, for now, this simple model appears able to capture many of the important elements of the interaction between the maxi-K and IK1 channels.

Thus, the experimental results from this study and the agreement of the above model with these data strongly suggest that the IK1 channel regulates, either directly or through a closely associated intermediary, the activity of maxi-K channels. That the interaction occurred in a heterologous expression system suggests that it may be a general one and could occur in other cells in which both channels are expressed, which include vascular smooth muscle cells ([@bib31]), endothelial cells ([@bib14]), and macrophages ([@bib16]).

While there are many examples of protein--protein interactions in many physiological systems, there are not, to our knowledge, any other reported examples in which the activation of one ion channel inhibits another. The closet comparison might be in skeletal muscle where the activation of the voltage-gated Ca channel in the T-tubule membrane activates the ryanodine receptor in the sarcoplasmic reticulum. Perhaps the novel interaction between IK1 and maxi-K channels reported here is just the first of many similar interactions between other ion channel proteins.

Certainly, the inhibition of maxi-K activity by IK1 channels adds to the functional complexity of these classes of ion channels and raises questions about how these complexities may be used in their physiological roles. In fluid-secreting epithelia, the agonist-induced increase in intracellular Ca^2+^ activates Cl^−^ channels and the resulting transepithelial Cl^−^ ion movement is the primary driving force for fluid and electrolyte secretion. To maintain an electrical Cl^−^ driving force, K channels need also to be activated. We have previously shown that the parotid Ca^2+^-activated Cl channels are voltage sensitive at low and moderate Ca^2+^ levels ([@bib2]). We suggest that fluid secretion at these low to moderate Ca^2+^ levels is sustained by a balance between these voltage-sensitive Cl channels and the voltage-sensitive maxi-K channels. At higher Ca^2+^ levels, the Cl channels lose their voltage sensitivity and we propose that the consequent activation of IK1 K channels will inhibit maxi-K channel activity. Thus, fluid secretion at these higher Ca^2+^ levels will involve a balance between the voltage-independent IK1 and the now voltage-independent Cl channels. If both maxi-K and IK1 channels were simultaneously active at high Ca^2+^ levels, we speculate the membrane potential would be more negative than with IK1 channels alone. This would lead to excessive Cl^−^ loss and, perhaps, to excessive Ca^2+^ influx (driven by the negative membrane voltage), leading to unwanted Ca^2+^-signaling events, including apoptosis. One challenge of future studies will be to test this model of the role for IK1 inhibition of maxi-K channel activation.
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